Effects of dietary iron deficiency on growth, the distribution of hemoglobin (Hb) at rest and during exercise, the characteristics of muscle fiber types, and glycogen depletion patterns were studied in newly weaned male mice. Forty-eight mice were randomly divided into iron-deficient and control diet groups. Severe iron deficiency impaired general growth, but growth was restored following iron repletion. The mean Â±SEMblood Hb concentrations at rest after 7 weeks were 5.8 Â±0.7 and 12.5 Â±0.3 g/dl in iron-deficient and control groups, respectively. The mice fed irondeficient diet for 7 weeks had an increased Hb level of 10.9 Â±0.5 g/dl l week after an i.p. injection of Imferon (1.25 mg Fe). The Hb contents in brain and gastrocnemius as well as whole body were lowered by iron deficiency. Iron-deficient anemic mice tended to increase the percent distribution of Hb to brain during exercise This value was significantly greater than in control and iron-treated groups. The iron-deficient group had relatively less glycogen than controls, but no significant tendency in glycogen deple tion pattern was observed in any fiber types. It is suggested that decreased Hb content in working muscles due, in part, to greater distribution to brain could be one of the limiting factors for work performance in anemic individuals. It is further suggested that decrease in oxidative muscle fibers as well as the decreased concentra tion and/or activities of oxidative substances may also be one of the limiting factors.
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Iron deficiency anemia induces a decrease humans (2, 8) and maximal oxygen consumpof physical work capacity in both humans tion in rats (9, 10) were positively correlated (1-3) and animals (4) (5) (6) . It has also been with Hb levels. These results suggest that reported that although tissue iron deficiency oxygen-carrying capacity of the blood is the itself impairs work capacity (3, 6, 7) , the major factor for muscle metabolism. major factor that affects work performance However, it is not clear how the distribution is the oxygen transport capacity of the blood, of Hb in specific tissues responds to iron dethat is, hemoglobin (Hb) concentration (7) (8) (9) . ficiency anemia or exercise, although our Edgerton et al. (5) observed a quicker reduc-previous study showed a 29% increase of tion of twitch tension in gastrocnemius blood flow in active leg relative to the inacmuscle of iron-deficient anemic than control rats. However, no difference in the rate of ten-_ tive arm of the anemic compared to the 16% increase in normal subjects suggesting a redistribution of blood during exercise in irondeficient anemic individuals (Ohira, Y. et al., unpublished data).
Iron status is one of the factors for the metabolic characteristics of muscle fibers because many substances involved in oxidative phosphorylation are iron dependent. It has been reported that iron deficiency induces a decrease of the concentration of myoglobin and cytochromes (4, 9, 11, 12) and the activi ties of oxidative enzymes (6, 9, (12) (13) (14) . McLane et al. (12) reported that pyruvatemalate oxidation was less in fast-twitch white (superficial portion of gastrocnemius), fasttwitch red (deep portion of gastrocnemius), and slow-twitch red (soleus) muscles of irondeficient rats than controls. Glycerol-3-phosphate dehydrogenase activity in fasttwitch white muscle was also lowered by iron deficiency. However, it is not clear whether dietary iron deficiency changes the muscle fiber types in each muscle, because analyses of McLane et al. (12) were done in whole muscle or certain portions of muscle that con sisted of known fiber types. Nor is it known whether the lower capacities for oxygen transport and utilization in iron-deficient anemic individuals cause use of certain types of muscle fibers rather than others during exercise Therefore, a series of studies was per formed to investigate the distribution of Hb at rest and during exercise and the characteristics of muscle fiber types in irondeficient and anemic mice. Histochemical analysis of glycogen content was used to estimate muscle fiber utilization.
METHODS AND MATERIALS

Experiment I
Forty-eight male weanling mice were ran domly divided into iron-deficient (n = 24) and control (n = 24) groups. Animals were housed in groups of six in metal rodent cages. The room temperature was maintained at ap proximately 24Â°in a room with a 12-hour light-dark cycle The iron-deficient group was fed an iron-deficient diet (Teklad Test Diet,  TD 80094, Madison, Wl; table 1 ) and the control group was fed a control diet (TD 81232) with the same nutritional composition supplemented with ferric citrate (0.587 g/kg diet, 16.7 % Fe) with a concomitant decrease in sucrose to 555.74 g/kg diet. Both groups were given food and deionized water ad libitum. Experimental diets were fed for 7 weeks.
At the end of week 7, body weight was measured. A blood sample (approximately 30 /Â¿I) was taken from the external jugular vein, while the mice were lightly anesthetized by ether inhalation. The Hb levels were measured by the cyanmethemoglobin method. After the Hb determination, half (n = 12) of each of the groups was given a single-dose injection of Imferon (MerrillNational Laboratories, Cincinnati, OH) i.p. (1.25 mg Fe). The four groups that were not treated with iron were randomly divided in to exercise and nonexercise groups (n = 6 per group). The exercise groups ran on a tread mill at 0.5 mph and a 10% grade for 5 minutes. Immediately following the exercise bout, the mice were killed by instantaneous submersion in liquid nitrogen. In this pro cedure death was completed within 1-2 seconds as indicated by monitoring heart beat with an electrocardiogram. The nonexercise groups were killed in the same way but without exercise. Seven days after iron treat ment, the same procedure was followed with the remaining mice The brain and gastrocnemius muscle were dissected out for analysis. These tissues were homogenized in deionized water (Polytron, Brinkmann Instruments, Westbury, NY). The tissue Hb level was measured by determining the peroxidase activity of Hb (15) . The peroxidase in free Hb is rapidly inactivated by the peroxidase chromogen, 2,2-azino-di(3-ethylbenzthiazolinsulfonate-6) (ABTS), but the peroxidase in Hb bound to haptoglobin is stable. A sample mixed with egg white (con taining no haptoglobin) and the same sam ple mixed with serum (containg haptoglobin) were incubated with ABTS in acetate buffer (pH 4.95). The rate of increase in absorbance at 418 nm immediately after addition of H2O2 was measured spectrophotometrically to estimate the peroxidase activity. The dif ference of the absorbance changes between these two mixtures represents the amount of Hb. The whole-body Hb content was ana lyzed in the same way. The percent distribu tion of Hb in the brain and gastrocnemius muscle relative to the whole body was also calculated.
Experiment II
Sixteen male weanling mice were random ly divided into iron-deficient (n = 8) and control (n = 8) groups. The same dietary treatment was used as in experiment I. After 12 weeks, body weight was measured, and the mice were randomly separated into exercise and nonexercise groups. The exercise groups swam for 3 minutes with a 1.5 g weight (ap proximately 5 to 6% of body weight) at tached to their tails, after washing the fur with water to eliminate the buoyancy effect of air bubbles.
Immediately following the exercise bout, the mice were killed by ether inhalation following blood sampling by cardiac punc ture for Hb determination. The nonexercise groups were killed in the same way but without exercise. The triceps surae muscle group was immediately dissected out in preparation for the histochemical analysis of muscle fiber types by staining for ATPase and NADH-diaphorase (EC 1.6.99.1) (16) in the soleus and the deep portion of the medial gastrocnemius muscles. Relative glycogen content was subjectively assessed from the PAS staining intensity of each fiber.
RESULTS
Experiment I
Effects of the dietary iron deficiency on growth are shown in table 2. Iron-deficient mice had significantly less body weight (19%) than the controls (P < 0.001). Although the absolute weight of the brain was the same for both groups, that of the gastrocnemius was significantly less in iron-deficient than con trol mice (P < 0.05). On the other hand, the percent weight relative to body weight was significantly greater in the brain of irondeficient mice than that of control mice (P < 0.01), but there was no similar difference observed in the gastrocnemius muscle.
Body weight was significantly increased within 1 week in the initially iron-deficient group (P < 0.001), but not in the control group. The absolute weight of the brain and gastrocnemius muscle did not change significantly in either group. However, the percent weight of both brain and gastrocnemius relative to body weight was decreased 7 days after iron treatment in the initially iron-deficient mice (P < 0.001 and P < 0.01, respectively). This value for gastrocnemius muscle after iron treatment was less in iron-deficient than control group (P < 0.01).
There was a distinct difference in blood Hb concentration between iron-deficient and control groups (table 3) . Mean resting Hb concentrations were 5.8 and 12. 5 g/dl in irondeficient and control groups, respectively (P < 0.001). That in the iron-deficient group was improved to 10.9 g/dl (P < 0.001), which was not significantly different from 12.1 in the control group, within 7 days after iron treatment. But there was no significant change in the control group following iron treatment. 'Asterisks compare means between pre-and postiron treatment groups in each iron-deficient and control group by unpaired t-test (e.g., iron-deficient, preiron group vs. iron-deficient, postiron group): 'P < 0.001; "P < 0.01.
'Superscript letters compare means be tween iron-deficient and control mice in the same iron treatment stage by unpaired i-test (e.g., iron-deficient, preiron group vs. control, preiron group): 'P < 0.001; bP < 0.01; CP < 0.05.
Whole-body Hb content was significantly less in iron-deficient than control group both before and after exercise (table 3, P < 0.001). That in iron-deficient mice increased significantly (P < 0.001) following iron treatment even though it tended to be still lower than that in the control group. The Hb content of the brain and gastrocnemius muscle was significantly less in iron-deficient than control mice for both exercised and nonexercised conditions except in nonexercised gastrocnemius (P > 0.05). However, they did not increase significantly after iron injection even though the mean values tended to be greater 1 week after iron than during pretreatment in the originally irondeficient anemic mice. No difference was observed in the percent distribution in both tissues between the two groups. Although Hb content in all compartments (except percent distribution) 1 week after iron treatment tended to be still less in the iron-deficient than in the control group, statistical significances were observed only in postexer cise whole-body Hb and gastrocnemius Hb content (P < 0.05). The percent distribution of Hb to brain in severely iron-deficient and anemic mice tended to increase during exer cise (P > 0.05). This value in brain was significantly greater than for controls and it returned to normal within 1 week when anemia was improved to a moderate level. The Hb content of gastrocnemius muscle dur ing exercise was less in the severely anemic than in the control group (P < 0.05).
Experiment II
The effects of 12 weeks of dietary iron defi ciency are shown in table 4. Iron-deficient mice had a mean Hb concentration of 5.5 g/dl, while the control mice had 12.7 g/dl. Again, dietary iron deficiency induced growth retardation.
The iron-deficient anemic group had lower body weight than the control group (P < 0.001).
Muscle fiber types of the soleus (table 4) appeared to be constant for both conditions (iron deficient and control). The soleus muscle contained approximately 44% slowtwitch-oxidative (SO) and 56% fast-twitchoxidative-glycolytic (FOG) fibers, while con taining no fast-twitch-glycolytic (FG) fibers. However, the muscle fiber type of the deep portion of the medial gastrocnemius muscle, which was composed of approximately 22% SO, 77% FOG and 1% FG fibers, did appear to be affected by the iron deficiency. The per cent of FG fibers in the iron-deficient group was significantly greater than in the control group (P < 0.05). However, the percent distribution of SO and FOG did not change significantly. No significant tendency for glycogen depletion in any fiber type was observed between iron-deficient and control groups either before or after swimming, even though the relative glycogen content throughout the whole cross section of the muscle was greater in control than irondeficient anemic mice. 
DISCUSSION
The effects on growth of dietary iron defi ciency initiated at the weanling stage were significant in the male mice studied. The iron-deficient group had less body weight relative to the control group. This growth retardation is in accordance with previous findings (9, 17) . The percent brain weight relative to body weight was somewhat higher in the iron-deficient anemic group than in the control group. These results may be due to the fact that brain growth is rapid during early nursing periods (18) . Therefore at wean ing, brain weight might be close to that in the adult, and the effect of iron deficiency on its further development was less, relative to the effect on whole-body growth. One week following iron treatment, only the irondeficient group had significantly increased body weight. These data suggest an effect of iron on protein synthesis, one which affects general growth in addition to the specific iron-containing compounds.
Some studies showed an increase (19-21), decrease (22) , or no change (23) in brain blood flow during exercise. In the current study, the distribution of Hb, which may represent the distribution of blood, was measured indirectly by determining Hb in the brain and gastrocnemius muscle as well as the whole body. The Hb content in both brain and gastrocnemius muscle was not affected significantly by exercise in either group. However, its percent distribution to the brain tended to increase during exercise in irondeficient anemic mice This result may sug gest that, because they have lower oxygen transport capacity, anemic animals have to increase the percent distribution of cardiac output to the brain in order to maintain or to support the possibly stimulated brain metabolism during exercise as was reported by Sharp (24) . The value (0.63%) in the anemic mice was significantly greater than that in the normal controls (0.34%, P < 0.05) and than the value 1 week after iron treat ment in the repleted iron-deficient group (0.30%, P < 0.01). The percent distributions during exercise were identical between the two groups when the Hb was improved to 10.9 g/dl by iron repletion. Therefore, it was also suggested that the increase in percent distribution of cardiac output to the brain Comparison by un paired i-test between iron-deficient and control groups: â€¢P < 0.001; "P < 0.05.
during exercise is induced only in severely anemic individuals and that this phenomenon disappears once anemia is treated to at least a moderate level. This, in turn, could affect the blood flow to the work ing muscles. Even though the percent distribution of Hb to gastrocnemius muscle tended to be increased when the mice were severely anemic relative to control and irontreated mice (P < 0.05), the absolute Hb con tent was still less than the control group, especially during exercise Less blood flow or Hb content in the working muscle could be the limiting factor for work performance due to the limited oxygen availability and/or car bon dioxide elimination from the muscle (25) .
The muscle fiber type of the soleus muscle was not affected by iron deficiency. However, the deep portion of the medial gastrocnemius muscle in the iron-deficient mice had a significantly greater percentage of FG fibers than the control group, even though the per cent distribution of SO and FOG did not change significantly in response to iron defi ciency. These results suggest that a decrease in iron-dependent substances such as myoglobin, cytochromes, and/or succinate dehydrogenase (4, 6, 9, (11) (12) (13) (14) induced by severe iron deficiency decreases the oxidative capacity of muscle fibers. This may cause an alteration of fiber type from FOG to FG fibers because of the loss of oxidative capacity especially from the FOG fiber. However, such changes may be minor in highly oxidative muscle such as soleus, even though it might be possible to induce an increase in the per cent of FG fibers if iron deficiency is main tained long enough. The conversion of SO fiber to FOG probably does not occur, because it is unlikely that ATPase activity, which was used to estimate the characteristics of contraction speed for fiber typing, is af fected by iron deficiency even though the glycolytic characteristics such as the activity of lactate dehydrogenase (LDH) and/or LDH isozyme patterns were found to be changed (26) . The higher the ATPase activity, the faster the speed of muscle contraction (16) . Decreased oxidative capacity due to the decrease in the activities of oxidative enzymes (6, 9, (12) (13) (14) or in the concentrations of myoglobin and cytochromes (4, 9, 11, 12) , or by a conversion of FOG fibers to FG fibers also could be the reasons for the limited work performance because of the impaired oxygen utilization capacity of muscles.
Greater lactate accumulation in irondeficient anemic humans and rats has been observed both at rest (8, 26, 27) and follow ing exercise (2, 8) suggesting a greater dependence on anaerobic glycolysis. This may suggest that, due to the lower oxygen transport capacity of the blood and oxygen utilization capacity of tissue, severely irondeficient anemic individuals might recruit more glycolytic muscle fibers than normal in dividuals. The glycogen depletion pattern as measured histochemically, however, was not significantly different between the two groups, although relative glycogen content was less in iron-deficient anemic than con trol mice. EdstrÃ ¶m and Kugelberg (28) and Gillespie et al. (29) utilized mapping of histochemical changes in glycogen to examine motor unit recruitment pattern. It was sug gested in the current study that the pattern of motor unit recruitment may not be af fected by iron deficiency.
In summary, postweanling dietary iron deficiency induced severe anemia and growth retardation. This iron deficiency anemia caused a significant decrease in the absolute Hb content in the brain and gastrocnemius muscle, although the percent distribution relative to whole-body Hb content was not affected significantly. All of these parameters tended to be normalized following iron treat ment. It was also found that the deep por tion of the medial gastrocnemius muscle in creased the percent distribution of FG fibers suggesting a conversion of FOG fibers to FG fibers due to the decreased oxidative characteristics of muscle fibers. This change in fiber types may cause a decrease in ox idative metabolism of muscle. However, no change of the fiber types was observed in highly oxidative soleus muscle
In response to a standard treadmill exer cise, iron-deficient anemic mice tended to in crease the percent distribution of Hb to the brain. This value was significantly greater than the control group and returned to nor mal within 1 week after iron treatment. In creased percent distribution of Hb to brain during exercise may be one of the compen satory mechanisms to maintain or support the increased brain metabolism. This compensa tion may affect the Hb distribution to active muscles and could limit work performance It was shown that the metabolism of soleus and gastrocnemius muscles in severely irondeficient anemic mice relies on anaerobic glycolysis relative to the oxidative metabo lism. However, no significant tendency for glycogen content or depletion pattern in each type of fiber was observed before or after a standard swimming exercise This result might suggest that the pattern of motor unit recruitment may not be affected by iron defi ciency anemia.
